It has recently been proposed that the hemispheric seismic structure of the inner core can be explained by a self-sustained rigid-body translation of the inner core material, resulting in melting of the solid at the leading face and a compensating crystallisation at the trailing face. This process induces a hemispherical variation in the release of light elements and latent heat at the inner-core boundary, the two main sources of thermochemical buoyancy thought to drive convection in the outer core. However, the effect of a translating inner core on outer core convection is presently unknown. In this paper we model convection in the outer core using a nonmagnetic Boussinesq fluid in a rotating spherical shell driven by purely thermal buoyancy, incorporating the effect of a translating inner core by a timeindependent spherical harmonic degree and order 1 (Y 1 1 ) pattern of heat-flux imposed at the inner boundary. The analysis considers Rayleigh numbers up to 10 times the critical value for onset of nonmagnetic convection, a parameter regime where the effects of the inhomogeneous boundary condition are expected to be most pronounced, and focuses on varying q * , the amplitude of the imposed boundary anomalies. The presence of inner boundary anomalies significantly affects the behaviour of the model system. Increasing q * leads to flow patterns dominated by azimuthal jets that span large regions of the shell where radial motion is significantly inhibited. Vigorous convection becomes increasingly confined to isolated regions as q * increases; these regions do not drift and always occur in the hemisphere subjected to a higher than average boundary heat-flux. Effects of the inner boundary anomalies are visible at the outer boundary in all models considered. At low q * the expression of inner boundary effects at the core surface is a difference in the flow amplitude between the two hemispheres. As q * increases the spiralling azimuthal jets driven from the inner boundary are clearly visible at the outer boundary. Finally, our results suggest that, when the system is heated from below, a Y 1 1 heat-flux pattern imposed on the inner boundary has a greater overall influence on the spatio-temporal behaviour of the flow than the same pattern imposed at the outer boundary.
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Keywords: Inner core translation, outer core convection, zonal flows, inhomogeneous heat-flux 1. Introduction (Deguen and Cardin, 2011) . If the viscosity is sufficiently large the inner core could un-21 dergo a translational mode of convection involving an eastward drift of inner core material 22 (Monnereau et al., 2010; Alboussière et al., 2010) . This mode has been used to explain an 23 observed asymmetry in seismic velocities between eastern and western hemispheres (Tanaka 24 and Hamaguchi, 1997; Niu and Wen, 2001; Waszek et al., 2011) and the existence of a seis-25 mically slow layer in the bottom ∼ 150 km of the outer core (Souriau and Poupinet, 1991; 26 Kennett et al., 1995; Zou et al., 2008) .
27
Convection in the outer core is driven by a combination of thermal and chemical buoyancy 28 forces that in turn result from the Earth's slow cooling (e.g. Buffett et al., 1996; Gubbins 29 et al., 2003 Gubbins 29 et al., , 2004 . These buoyancy forces are likely to be strongest near the base of the 30 outer core (Davies and Gubbins, 2011) where inner core growth due to freezing of the liquid 31 iron alloy releases latent heat (Verhoogen, 1961) , and a light component of the outer core 32 mixture, probably oxygen (Alfè et al., 1999) , remains in the liquid to provide a source of 33 compositional buoyancy (Braginsky, 1963) . Models of outer core convection usually assume 34 that light element and latent heat release at the ICB are spherically symmetric and that 35 convection is driven uniformly from below (e.g. Braginsky and Roberts, 1995; Anufriev 36 et al., 2005) ; however, the translational mode of inner core convection requires freezing in 37 the western hemisphere and melting in the eastern hemisphere (Monnereau et al., 2010;  38 Alboussière et al., 2010) . The asymmetry arises because the eastward drift of inner core 39 material induces a west to east density gradient with heavy material on the freezing western 40 side; hydrostatic adjustment shifts the centre of mass of the inner core eastward so that the 41 eastern part of the inner core is above the melting temperature, leading to localised melting 42 2 (Alboussière et al., 2010). Outer core convection is then driven non-uniformly from below: in the western hemisphere, release of latent heat and light elements create outward buoyancy 44 fluxes that drive convection; in the eastern hemisphere, latent heat is absorbed and no light 45 elements are released, thereby creating a negative buoyancy flux.
46
In this paper we investigate the possible influence of a translating inner core on outer 47 core convection using a simple model of a rotating fluid-filled spherical shell. 
where r i is the ICB radius, ρ i the inner core density, and L the latent heat. An expression
82
for the maximum heat-flux is obtained by replacing v g with the translation velocity, v t , in
83
(1). Assuming that the absolute value of the maximum and minimum heat-flux anomaly are equal gives the estimate 
The pressure gradient ∇P , is removed from the problem by taking the curl of (3). The
113
Ekman number E, Prandtl number P r, and modified Rayleigh number Ra are
where g is the gravitational acceleration at the outer boundary. Gravity varies linearly with radius. The radius ratio, r i /r o , of the shell is set to 0.35.
116
The fluid velocity u is decomposed into toroidal and poloidal components,
The toroidal, T , and poloidal, P, scalars along with the temperature T ′ are expanded in
The radial dependence of all variables is computed using 119 finite differences.
120
We use no-slip and impenetrable inner and outer boundaries, requiring
We also fix the heat-flux on both boundaries. Lateral variations in heat-flux on the inner 122 boundary (IB) and outer boundary (OB) are modelled using the method described in (Gib- harmonic. The amplitude of the anomalies is measured by the parameter q * , defined as 125 the ratio of the peak-to-peak variation in boundary heat-flux and the average boundary
where q max and q min are the maximum and minimal values of the boundary anomaly. q 0 is a 128 nondimensional measure of the average boundary heat-flux per unit area, q 0 = (1/r 2 ), and
129
is approximately a factor of 8 larger at the IB than at the OB. Hence, to impose the same 130 value of q max at the IB and OB requires that the value of q * is 8 times larger in the variable
131
OB heat-flux calculation compared to the variable IB heat-flux calculation.
132
The governing equations ( regime, which is still many orders of magnitude higher than the value E ∼ 10 −15 appropriate 141 to Earth's outer core. We fix E = 10 −5 , which is low enough for rotation to dominate in regime we would anticipate that they be less significant in the core where Ra is likely to be 151 many times supercritical (Gubbins, 2001; Davies and Gubbins, 2011) .
Results

135
152
All simulations were started from the same initial condition with u = 0 and arbitrary 153 three dimensional seed perturbations superimposed on the basic state temperature profile.
154
The spatial resolution required to achieve a given level of spectral convergence increases with
155
Ra. At the lowest values of Ra we found that N max = 90 radial points and maximum har- were required to obtain the same convergence.
159
For the subsequent discussion we define the dimensionless kinetic energy
where the toroidal and poloidal components are given respectively by
and angled brackets indicate a time average over the length of the run quoted in Table 1 .
162
The zonal part of the toroidal energy, K (Table 1) . Increasing q * with all other parameters fixed shows a general increase in P e (see 
171
In the next two sections we analyse the models in Table 1 western hemisphere, which is subject to a higher than average heat-flux, is defined as the 175 region 90
• < φ ≤ 270
• and the eastern hemisphere, which is subjected to a lower than 176 average heat-flux, is defined as the region −90 denoted by square brackets is defined by
where s = r sin(θ) is cylindrical radius. 
omitting the contribution from the divergence of the Reynolds stress (the last term) gives the thermal wind balance. Figure 4 shows the terms in (11) and their sum for q * = 4.2.
266
For this model the first two terms in (11) are over an order of magnitude larger than the 267 last term. The remainder after summing terms on the left-hand side of (11) further calculations for models that contain large-scale azimuthal jets (see Figure 2) give 277 similar results. These results suggest that, in the models described above, the dominant hemisphere where the IB heat-flux is higher than the average. Finally, our analysis suggests 297 that the large-scale azimuthal flows in the models described above are driven predominantly 298 by a thermal wind; Reynold's stresses play a secondary role.
299
For Ra = 150 and Ra = 225 we did not obtain quasi-stationary solutions for any value 300 of q * considered. Higher values of Ra lead to more energy in small-scales compared to those 301 with Ra = 90, but the large-scale features are very similar to those described above for Table 1 ), which we attribute to the larger surface 343 area of the OB giving rise to a stronger thermal wind. Azimuthal flows are much weaker and 344 contain more small-scale structure at depth where the thermal wind is weak. This, together 345 with the fact that the homogeneous system is driven from below, suggests that the effects to be conducted, and afford theoretical simplifications compared to geodynamo simulations.
369
Our results for the simpler hydrodynamic problem will hopefully guide future research into 370 geodynamo models with laterally-varying inner boundary conditions.
371
The • . φ = 0 • corresponds to the rightmost edge of the equatorial sections and is the longitude of minimum heat-flux; maximum heat-flux is imposed at φ = 180
• . Figure 1a , of the θ (top) and φ (bottom) components of equation (11) for a model with E = 10 −5 , P r = 1, Ra = 90, q * = 4.2 and a Y 1 1 inner boundary condition. The first two columns show the thermal wind balance. The plots show ∂u θ /∂z (column 1, top), −(Ra/r sin θ)∂T /∂φ (column 2, top), ∂u φ /∂z (column 1, bottom) , and (Ra/r)∂T /∂θ (column 2, bottom). Column 3 shows the θ (top) and φ (bottom) components of the term (E/P r)∇ × [(u · ∇)u] in equation (11). Column 4 shows the remainder after adding the fields in columns 1-3. All images are volume rendered with the equatorial plane highlighted for clarity. Boundary layers have been removed from the plots as they are sources of vorticity, which tend to obscure features in the bulk of the shell. • (left), 225
• , 270
• and 315
• (right) for q * = 4.2. Snapshots are taken at t = 11 in Figure 1a . Other parameter values are E = 10 −5 , P r = 1, Ra = 90.
Figure 6: Time-averaged flows for E = 10 −5 , P r = 1 and q * = 1.4. u r (top) and u φ (bottom) in the equatorial plane for Ra = 90 (left), 150 (middle), and 225 (right). Time-averages span 6 time units, which are measured in units of d 2 /κ. φ = 0 • corresponds to the rightmost edge of the plots and is the longitude of minimum heat-flux; maximum heat-flux is imposed at φ = 180
• . • corresponds to the rightmost edge of the plots and is the longitude of minimum heat-flux; maximum heat-flux is imposed at φ = 180
• . Other parameter values are E = 10 −5 , P r = 1, Ra = 90. 1 outer boundary condition. The plots show ∂u φ /∂z (left), (Ra/r)∂T /∂θ (middle), and the remainder after adding the fields in columns 1 and 2 (right). All images are volume rendered with the equatorial plane highlighted for clarity. Boundary layers have been removed from the plots as they are sources of vorticity, which tend to obscure features in the bulk of the shell. 
